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The vehicle crash pulse describes vehicle deceleration during a collision. Crash pulse shape 
directly affects occupant motion during a collision event and therefore injury outcomes. This 
relationship has motivated numerous optimisation studies, each aiming to identify crash pulse 
shapes which result in reduced occupant injury. Work thus far has focussed on high speed full 
frontal collisions. Whilst investigations to date have suggested improved crash pulse shapes, 
they have lacked the thoroughness and scope necessary to yield conclusive findings. 
 
This paper describes a more rigorous crash pulse optimisation. A new methodology was 
developed to define a crash pulse in terms of a discrete set of optimisation variables. Crash 
pulse shape was permitted to vary fully within a largely unrestricted solution space, whilst 
preserving important crash pulse properties. Two restraint models were used to assess 
occupant response – a detailed MADMYO model (using a harm metric to assess injury) and a 
simple mass-spring MATLAB model (using peak acceleration to assess injury). The robust 
Simulated Annealing optimisation algorithm was used to obtain globally optimal solutions for 
a range of impact speeds – both high and low speed. A comprehensive optimisation test 
matrix provided a strong foundation for analysis of results and the formulation of conclusions. 
 
Optimisation was shown to produce significant reductions in occupant injury risk compared 
to representative crash pulses measured during actual crash tests. Comparison between results 
for the MATLAB and MADYMO models showed remarkable similarity, demonstrating that 
the improvements obtained for the complex MADYMO model could be attributed to simpler 
phenomena observed in the MATLAB model. For both high and low speeds, similar 
characteristics were observed in the optimised crash pulses, leading to the generalised 
optimum crash pulse model presented in this paper. 
NOTATION 
( )s t  vehicle crush displacement vs. time (m) 
( )v t  vehicle velocity vs. time (m/s) 
( )a t  vehicle acceleration vs. time (m/s2) 
* *( )a t  non-dimensional acceleration vs. non-dimensional time (-) 
t  time (s) 
*t  non-dimensional time (-) 
0t  time at beginning of crash (s) 
ft  time at end of crash (s) 
maxs  maximum vehicle crush displacement (m) 
0v  vehicle initial impact velocity (m/s) 
INTRODUCTION 
Once a vehicle becomes involved in a collision, two aspects of its design affect occupant 
injury risk. The design of the vehicle structure will determine what sort of accelerations the 
passenger compartment is subjected to; the design of the restraint system will then determine 
how the occupant responds inside this accelerated compartment. To date, most advances in 
vehicle safety have been made through the development of effective restraint systems which 
control occupant motion and minimise occupant loads and accelerations. The focus of design 
optimisation has been within the vehicle, where there is a relatively controlled design space to 
work with. Less progress has been made with the more complex problem of structural design. 
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Structural design developments include the incorporation of crumple zones to absorb the 
energy of the collision, and the development of the stiffened occupant compartment, which 
protects occupants from direct physical contact with the deforming structure or other 
penetrating objects. One part of structural design which has been given insufficient attention 
is optimisation of the vehicle structural response. The deceleration measured in the occupant 
compartment during a crash is referred to as the vehicle crash pulse, and the shape of this 
crash pulse has a direct bearing on occupant injury risk. Crash pulse optimisation addresses 
structural design from a reverse engineering perspective. The concept relies on developing a 
desired deceleration response for the vehicle, based on how the deceleration affects occupant 
injury, and then designing the structure to reproduce this optimised deceleration. 
 
This paper describes a crash pulse optimisation study designed to achieve the following: 
 
 To construct a robust crash pulse optimisation process; 
 To quantify the potential improvements made possible by crash pulse optimisation; 
 To better understand the relationship between crash pulse shape and occupant injury. 
THE VEHICLE CRASH PULSE  
Crash Pulse Overview 
Considering a full frontal collision into a rigid barrier, modern vehicles are designed so that 
the front of the vehicle structure crumples, thereby absorbing the bulk of the vehicle’s kinetic 
energy, as shown in Figure 1(a). The remainder of the vehicle approximately maintains its 
structural integrity. The restraint system and occupants are contained within this 
approximately non-deformable sub-system, which is used as the reference point to describe 
the general vehicle motion during the collision event. This concept is illustrated in Figure 1(b).  
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(a) (b) 
Figure 1(a) Approximate structural response during a full frontal collision. (b) Reference axis 
for vehicle motion during the collision. 
 
Observing Figure 1(b), occupant response depends only upon the acceleration response of the 
passenger compartment (i.e. the crash pulse, generally presented in the form of a deceleration-
time plot), and the system of restraints in place to transfer this acceleration to the occupant.  
 
Crash Pulse Requirements 
A real crash pulse is a continuous function, defined by a two-dimensional shape with infinite 
degrees of freedom. However, optimisation required it to be expressed as a set of n-variables 
in the form: 
 ( )1 2, ,..., T nnx x x= ∈x R  [1] 
 
where Rn represents the design space, and any x corresponds to a unique position within it. 
Adding to the complexity of the problem was the requirement that the following crash pulse 
characteristics be preserved at every iteration of the optimisation: 
- 3 - 
1. The change in velocity across the crash pulse be equal to the initial impact speed. 
2. The total crush displacement associated with each pulse be equal to a fixed length. 
3. The acceleration be negative or zero for the duration of the impact. 
4. The initial and final accelerations be zero. 
 
These requirements are outlined in Figure 2(a) and (b) below. 
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(a) (b) 
Figure 2. (a) General crash pulse model. (b) Crash pulse requirements  
Crash Pulse Generation 
Approaching this investigation from a reverse-engineering perspective, it was proposed that a 
structural designer might be provided with a finite amount of vehicle structure to use for crush 
space, smax, and would subsequently want to determine the most optimal way to utilise this 
space for a given impact velocity, v0. Consequently, a methodology was developed whereby 
smax and v0 were specified at the start of the optimisation process. The optimiser was able to 
vary a non-dimensional crash pulse shape outline defined by a finite number of control points, 
(t*,a*). A smooth curve was interpolated through this shape, and passed through an executable 
code which generated a continuous crash pulse, with associated values of smax and v0. An 
example of this concept is illustrated in Figure 3 below for v0 = 56km/hr and smax = 600mm: 
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Figure 3. Crash pulse generation 
OPTIMISATION PROCESS 
General Optimisation Model 
Optimisation is a numerical process which requires that a problem be described in terms of a 
system of inputs and outputs, with rules governing system behaviour [1]. The inputs to the 
system are the optimisation variables. From the outputs, a single performance measure for the 
system must be derived, termed the cost or objective function [1]. The system is considered 
optimal when the cost function is a minimum. Adapting this model to the crash pulse 
optimisation problem, the system input is the crash pulse; the cost function is occupant injury. 
 
Optimisation Algorithm – Simulated Annealing 
Crash pulses were optimised using the Simulated Annealing global search algorithm. 
Simulated Annealing is based on the observation that liquids can cool into perfectly ordered 
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crystals (the minimum possible energy state), subject to appropriate annealing schedules [2]. 
A discussion of Simulated Annealing is beyond the scope of this paper, but a key aspect 
which distinguishes it from iterative improvement schemes is that it does not get stuck at local 
minima, since it is always possible to accept worse cost functions [3]. Accepting worse cost 
functions is called uphill climbing and is fundamental to the robustness of the algorithm [4].  
MADYMO Optimisation Process 
A generic driver-side MADYMO restraint model, supplied by Holden Ltd, was used to 
simulate occupant response to crash pulses generated by the optimisation process. The model 
was supplied with a 50th percentile Hybrid III male occupant model, with most of the standard 
safety equipment found in a typical modern automobile. The model is illustrated in Figure 
4(a). The optimisation code iSIGHT was used to perform the crash pulse optimisation. A 
simplified schematic of the MADYMO optimisation process is presented in Figure 4(b):  
 
 
Crash pulses were optimised for the industry standard crash test speeds of 28, 48 and 56 
km/hr. A crush displacement of 600 mm was considered a representative crumple space to use 
for each optimisation. At each speed, optimisations were performed for the following injury 
criteria: HIC 36 ms (-), Nij (-), CTI (-), and Maximum Femur Load (N). It is noted that these 
injury criteria only assess risk to individual body regions. For this reason, a harm metric was 
developed to provide a measure of overall injury. Harm is a metric for estimating the total 
cost to society associated with road trauma, and involves both a frequency and cost 
component [5]. Optimisation for minimum harm is based on the principle that the best 
solution is one which minimises total societal cost. The derivation of the harm metric is 
discussed in a separate paper [6]. The general harm model used was as follows: 
 
( ) ( )ij
all injuries conisdered
Harm Probability of injury × cost of injury HIC, N , CTI, Femurf= =∑  [2] 
MATLAB Single Degree of Freedom (DOF) Occupant Restraint Model 
A simple analytical occupant restraint model was developed based on an idea proposed by 
Motozawa and Kamei [7]. The complex MADYMO restraint system was modelled as a two-
mass system. The seat belt was modelled as a perfectly elastic spring, with its stiffness 
derived from the seatbelt loading curve defined in the MADYMO restraint model. The 
occupant was modelled as a single mass equal to the total mass of the 50th percentile Hybrid 
III male dummy used in the MADYMO restraint system: 
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Figure 5. Simplification of occupant restraint system 
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Figure 4. (a) MADYMO driver-side restraint model. (b) MADYMO objective functions 
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Masses m1 and m2 represent vehicle and occupant masses respectively. m1 has prescribed 
motion, defined by the vehicle crash pulse. Substituting 3 2x x=  , the system response to a 
displacement-time crash pulse, 1x , may be determined by solving the following equations: 
 
 { }2 2 1
3 3
2 2
0 1 0
0
x x
xk k
x x
m m
         
= +      
−         

  [3] 
 
The system was modelled in MATLAB, and optimised for minimum occupant peak 
acceleration, 2x . A freely available MATLAB version of the Simulated Annealing code 
“SIMANN”, originally written for FORTRAN by Goffe [8], was used to optimise the 
MATLAB system. This simple model was used to investigate the following: 
 
 Exhaustive optimisation routines, incorporating an order of magnitude more iterations 
than were possible with the MADMYO model; 
 The effect of varying the number of optimisation variables describing the crash pulse 
shape, in order to relate crash pulse complexity to corresponding injury reduction; 
 Crash pulses were optimised for 28, 48 and 56 km/hr impact speeds, using crash 
pulse shapes modelled with between 1 and 50 control points. 
RESULTS 
MADYMO Optimisation 
Crash pulses were optimised for impact speeds of 28, 48 and 56 km/hr. Each optimised curve 
was defined by 10 control point variables. At each speed optimisations were performed using 
the following objective functions: HIC (36 ms), Nij, CTI, Femur Load, and Harm. 
Optimisation for minimum occupant harm provided the most balanced measure of overall 
injury, and as such this discussion will concentrate on harm results. In Figure 6(a-c) below, 
harm optimised crash pulses are presented, together with representative real-life crash pulses 
provided by Holden Ltd for comparative purposes. Figure 1(d) compares the estimated harm 
for optimised and actual crash pulses, at each speed. 
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Figure 6. Harm optimised crash pulses. (a) 56 km/hr crash pulses. (b) 48 km/hr crash pulses. 
(c) 28 km/hr crash pulses. (d) Harm for optimised and representative vehicle crash pulses. 
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Seatbelt load curves for both harm optimised and representative crash pulses are shown in 
Figure 7(a) and (b) respectively. A common difference between the harm optimised and 
representative crash pulse seatbelt loads was that optimisation produced belt loads that were 
approximately constant with time during the collision. 
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Figure 7. Occupant seatbelt loads. (a) Belt loads calculated for nominal crash pulse.  
(b) Belt loads calculated for harm optimised crash pulse. 
 
Crash Pulse optimisation for each of the individual injury criteria (HIC 36ms, Nij, CTI and 
Femur Load) helped to define a respective lower limit for each of these criteria. Minimum 
possible values could then be compared with the values calculated for the harm optimised 
crash pulse. Table 1 below shows the minimum value for each of these criteria, and compares 
them to injury criteria corresponding to the harm optimised and representative crash pulses: 
 
Repres. 
Pulse
Harm Opt. 
Pulse
Minimum 
Possible
Repres. 
Pulse
Harm Opt. 
Pulse
Minimum 
Possible
Repres. 
Pulse
Harm Opt. 
Pulse
Minimum 
Possible
HIC  (-) 127 28 11 462 100 90 686 263 239
Nij (-) 0.379 0.126 0.119 0.410 0.327 0.239 0.484 0.419 0.326
CTI (-) 0.591 0.276 0.265 0.918 0.571 0.555 1.083 0.725 0.684
Femur (N) 1841 731 682 2036 1740 1641 1878 1938 1845
Harm ($AUD) 11,935 2,361 2,361 47,091 9,865 9,865 82,343 23,286 23,286
28 km/hr 48 km/hr 56 km/hr
 
Table 1. Injury criteria for representative and harm optimised crash pulses 
MATLAB Optimisation 
Crash pulses were optimised for minimum peak occupant acceleration, for speeds of 28, 48 
and 56 km/hr. Each optimised curve was defined by 10 control point variables. Optimised 
crash pulses are presented in Figure 8(a), and occupant acceleration response is presented in 
Figure 8(b). Next, the number of control points used to define each crash pulse (i.e. the 
number of optimisation variables) was varied to investigate how complex the crash pulse 
needed to be to produce significant reductions in occupant loads. Convergence plots in Figure 
8(c), below, show how the solution improves with increasing refinement of the crash pulse: 
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Figure 8. Crash pulses optimised for minimum occupant peak acceleration.  
(a) Optimised crash pulses. (b) Occupant acceleration response. 
(c) Convergence of optimised solution with number of control points. 
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DISCUSSION 
MADYMO Optimisation 
It was shown that crash pulse optimisation can significantly reduce injury risk for occupants 
in full-frontal collisions. Observing Figure 6(d), optimising crash pulse shape reduces 
occupant harm by approximately 20-30% of the amount calculated for corresponding 
representative crash pulses. Observing individual injury criteria in Table 1, minimisation of 
overall occupant harm significantly reduces all of the key injury criteria.  
 
Given these significant improvements in occupant response, mechanisms for improvement 
were examined. It was found that for the representative vehicle crash pulses, occupant 
response parameters, such as head and chest acceleration, tended to spike during the collision 
event. Crash pulse optimisation flattened out these accelerations, resulting in longer duration 
and less severe acceleration curves. Both of these phenomena were related back to the 
approximately constant magnitude seatbelt loading curves observed in Figure 7(b).  
MATLAB Optimisation 
Optimisation for the single DOF restraint system produced results similar to those for the 
more complex MADYMO restraint system: each optimisation produced an approximately 
constant deceleration on the occupant. The minimal computing time required to run the 
MATLAB system meant that a more rigorous optimisation could be performed. Observing the 
convergence plot in Figure 8(c), it was shown that the optimised occupant peak accelerations 
consistently converged to a minimum value. More importantly, the most significant 
reductions were made using as few as 4 to 5 control points, indicating that major reductions in 
occupant peak acceleration could be achieved with simple crash pulse shape manipulation. 
General Discussion 
The MATLAB optimisation provided a useful basis from which to validate the performance 
of the MADYMO optimisation. In both models similar optimised crash pulses were produced 
– characterised by high initial decelerations, followed by a period of minimal deceleration, 
then a continuing deceleration thereafter. Further, the mechanism for improvement in both 
models was also the same – harm minimisation through constant seatbelt loading curves. 
 
For a restraint system where the seatbelt is the primary load path to the occupant, it follows 
that seatbelt loads will be the critical influence on occupant harm. Whilst the intricacies of 
occupant interaction within the restraint system will determine secondary injury mechanisms 
(i.e. neck injuries), the primary influence on injury risk is the magnitude of the net applied 
loading. Assuming that the work done on the occupant is approximately constant for different 
crash pulse shapes, then the maximum seatbelt loads for a given impact velocity will be a 
minimum when loading is constant with time. Hence a square seatbelt load curve becomes the 
design goal. To achieve this, a generalised optimum crash pulse model was proposed: 
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1. Fast loading phase - to load the occupant to the 
required load as quickly as possible. 
2. Load stabilisation phase - there must be a period of 
time when there is no vehicle deceleration. During 
this time, the seatbelt load peaks at a maximum 
value until it begins to release its tension. Up until 
this time, additional deceleration of the vehicle will 
cause excessive occupant loading. 
3. Load control phase - Once the seatbelt load has 
reached the desired peak value, the objective is to 
maintain this load until the occupant is fully 
decelerated.  
Figure 9. Generalised optimum crash pulse model 
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Clearly, where a restraint system differs significantly from the conventional one figured in 
this discussion, this model may not be applicable. However, the optimisation process outlined 
in this paper has proven to be sufficiently robust to apply to other restraint configurations. 
CONCLUSION 
This analysis has shown that a global crash pulse optimisation can be successfully undertaken 
using a complex restraint model. Sufficiently large reductions in occupant injury risk were 
achieved to justify further investigation. Comparing MADYMO and MATLAB models, it is 
clear that for a seatbelt dominated restraint, reductions in harm were achieved by flattening 
seat belt loads. A general optimised crash pulse model was proposed based upon this finding. 
  
At first sight, the results of crash pulse optimisation studies may appear difficult to 
incorporate into a vehicle structure. Instead, the favoured approach has been to optimise the 
restraint system within the controlled environment of the occupant compartment. However, 
the occupant compartment provides only a limited space to protect and decelerate the 
occupant, and significant further reductions in occupant injury risk will require new 
approaches. The concept of adaptive vehicle structures has been proposed [9, 10], and whilst 
current ideas do not appear feasible, technological developments will, in time, increase the 
potential for designers to actively modify crash pulses. Optimisation of a non-adaptive vehicle 
structure is discussed in a separate paper [11], and provides a compromise approach for 
consideration.  In any event, what this analysis has demonstrated is that if the crash pulse 
shape can be effectively controlled, the benefits to occupant safety will be significant.  
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